In October 1996 we used the Hubble Space Telescope's Faint Object Spectrograph to make the rst-ever mid-ultraviolet spectroscopic search for emissions from the lunar atmosphere. This spectrum revealed no emission lines, despite the fact that strong resonance emission transitions from the Al, Si, and Mg neutrals, and Mg + , are present in the bandpass. We derive 5 sigma upper limits on the atmospheric abundances of each of these species, and OH (0-0) emission. The most constraining upper limit we obtained was for Mg, which we nd to be depleted by a factor of at least 9 relative to model predictions which use the known abundance of Mg in the lunar regolith. These ndings reinforce the negative ndings of our previous, ground-based search for neutral atoms in the lunar atmosphere (Flynn & Stern 1996) , and suggest that Na and K may be unique in their ability to sputter from the surface as atomic neutrals. Other species may sputter away as ions or in molecular fragments.
Introduction
During the Apollo program, surface-based cold cathode gauges measured nighttime lunar atmosphere number densities as high as 10 6 cm ?3 , but detected only He and Ar as identi able species, with a combined peak number density near 5 10 4 cm ?3 .
In 1988, ground-based work detected two additional lunar atmospheric species, Na and K (Potter & Morgan 1988a; Tyler et al. 1988 ). This landmark work renewed interest in the lunar atmosphere, in part because it enabled ground-based observations of this tenuous exosphere for the rst time. The combined, near surface number density of Na and K in the lunar atmosphere is < 10 2 cm ?3 . Various spectroscopic studies (e.g., Potter & Morgan 1988b; Sprague et al. 1992; Stern & Flynn 1995) have built a case that much of the lunar Na is created through energetic, nonthermal processes that populate a corona many lunar radii in diameter. These ndings were most dramatically con rmed by images of the Na D lines at 5890 A during a lunar eclipse, which directly revealed Na emission out to a distance of '9 lunar radii (R M ; 2.3 deg) from the lunar center (Mendillo & Baumgardner 1995) . Taken together, the four known lunar atmospheric species, Ar, He, Na, and K, comprise only 5{10% of the total measured number density (cf., Morgan & Stern 1991) . This fact implies that the composition of most of the lunar atmosphere remains unknown.
A few years ago, Feldman & Morrison (1991) reanalyzed data from the Apollo 17 Ultraviolet Spectrometer (Fastie et al. 1973) , and convincingly showed that C, N, O, H, CO, and Xe were not detected and cannot provide the \missing mass" of the lunar atmosphere. More recently, Flynn & Stern (1996; hereafter F&S96) reported results from a ground-based search for potentially undiscovered lunar atmospheric metals that might be created by the same sputtering source process(es) that create Na and K. F&S96 reported constraining upper limits on a host of species, including Ti, Fe, Ca, Li, Rb, Cs, Ba, Si, and Al. In what follows we report the results of the rst survey of the 2200{3300 A mid-UV region of the lunar atmosphere. This search yielded useful upper limits on Mg, Mg + , and the potentially important daughter product of H 2 O, the OH radical, and new but less constraining upper limits on Al and Si.
Observations
The highly extended nature of the lunar Na corona opens the door to Hubble Space Telescope (HST) observations by allowing observations far enough from the surface to overcome the lunar avoidance angle limits of HST.
We obtained data from the HST Faint Object Spectrograph (FOS) and High Resolution Spectrograph (HRS). The FOS observations were centered at UT 1996 October 6.96 (Project GO-6513). The objective of the FOS observation was to obtain a low resolution (R 100) survey spectrum of the lunar atmosphere to search for bright mid-UV emissions without bias to the possible composition of the atmosphere. The purpose of the HRS observations, which were taken in the 120 minutes prior to the FOS spectrum, was to obtain more sensitive, high-resolution (R 10,000) echelle spectra in narrow bandpasses around three particular atomic emissions: Si I (2516 A), Mg I (2852 A), and Al I (3092 A). The higher spectral resolution of the HRS increases its sensitivity to faint lines over that of the FOS by reducing the \noise" contributed by scattered lunar surface continuum in the telescope.
Unfortunately, the HRS was miscon gured, causing the wrong echelle orders to be used. As a result, no useful data were obtained. Fortunately, however, the FOS dataset was properly obtained by HST, and provides new and useful information.
The FOS observations were made using the FOS's BLUE digicon detector and its G270H grating, which yielded a spectrum over the wavelength range from 2222 to 3301 A. We used the largest available FOS aperture, which measures 3.66 3.7 arcsec 2 , and obtained a total exposure time of 820.0 seconds.
Owing to HST bright object avoidance constraints, the FOS aperture was not allowed to approach closer than 0.3 deg (1.2 R M ) to the lunar limb. Figure 1 shows the path of the FOS aperture in lunar-centered coordinates during the lunar atmosphere observation, which occurred on 6 October 1996.
Results
We inspected the FOS spectrum in various ways in order to search for possible emission features. The upper panel of Figure 2 shows the accumulated FOS spectrum, in ux units, with a solar spectrum for comparison. Although the Moon itself never entered the FOS eld of view, the FOS spectrum consists primarily of scattered moonlight. 1] Superimposed on this scattered light signal would be any UV emission from species in the lunar atmosphere. The lower panel of Figure 2 shows the residual created by subtracting a scaled version of the Upper Atmospheric Research Satellite/Solar Ultraviolet Irradiance Monitor (UARS/SUSIM) solar spectrum from the HST/FOS lunar spectrum (cf. Van Hoosier et al. 1988 ). This subtraction demonstrates that no lunar atmosphere spectral features can be detected by visual inspection of either the FOS raw spectrum, or the residual spectrum obtained after removal of the solar spectrum by subtraction.
In Table 1 we present upper limits derived for atomic Si, Mg, Al, as well as OH, and the Mg + ion. These upper limits correspond to the brightness of a highly conservative, 5 uctuation in the local noise level at the location of each of the prospective emission features of interest.
Presented alongside the upper limits given in Table 1 are model predictions for each neutral atomic species. The predictions for the Si, Mg, and Al neutrals were derived using the stoichiometric atmosphere model recently discussed by Flynn & Stern (1996) . They correspond to the predicted brightness of each species at the time-weighted average altitude of the observations (3.1 R M from the center, 2.1 R M above the limb), obtained by scaling for the surface abundance, scale height, and atomic resonance uorescence coe cient ratios relative to Na. In preparing these estimates, we assumed that these species exhibit the same ( 1000 K) suprathermal density distribution that sodium does. In computing the model predictions, we corrected for the penetration of the FOS line of sight through the lunar shadow; this factor reduced the model brightnesses by a factor of 2 over a fully-sunlit line of sight with the same impact parameter.
The results presented in Table 1 represent the rst spectroscopic constraints on the Mg neutral and singly-ionized Mg in the lunar atmosphere. Owing to the short lifetime of ions in the lunar atmosphere, which is open to the solar wind electric eld, 1] We veri ed this by its lunar-like color slope at wavelengths longward of 2650 A; the blue upturn in our data at shorter wavelengths has been seen in other FOS observations, and is most likely an instrumental artifact. the nondetection of Mg + by the FOS is not unexpected. 2] However, the nondetection of the Mg neutral was rather unexpected, and allows us to place a strong constraint, corresponding to a 9:1 or greater depletion relative to the stoichiometric model. Although the Si and Al constraints derived from the FOS spectrum are not constraining relative to the stoichiometric model, they are consistent with the signi cantly more constraining ground-based results published in F&S96.
Conclusions and Interpretation
A search for resonant scattering mid-UV emissions above the lunar limb detected no spectral features. At the 5 con dence level, these nondetections correspond to 15 R for Si I (Al 2516 A), 19 R for the Mg II doublet (2797 A), 53 R for Mg I (2852 A), 74 R for Al I (3092 A), and 67 R for OH (3085 A). Of these, the Mg I (2852 A) constraint provides the most signi cant new information.
We have found that the Mg neutral is depleted in the lunar atmosphere by a factor of at least 9, relative to stoichiometric sputtering predictions made using Na as the reference species. This of course does not eliminate the possibility of a low-energy and therefore low-altitude Mg population, but the conclusion that stoichiometric sputtering is not the source process remains valid, regardless of this possibility.
The Mg nding is in agreement with our earlier, ground-based search for a variety of other surface-derived metallic neutrals (cf., F&S96). The absence of so many stoichiometrically predicted atmospheric metal species strongly indicates that whatever the the production mechanism is that generates Na and K, it preferentially favors Na and K neutrals over other atomic neutrals.
Because of the well-established, nonthermal nature of lunar atmosphere's Na and K, it has been natural to suspect that a sputtering process, perhaps stoichiometric, could be responsible for generating metal species in the lunar atmosphere. The upper limits presented here and in F&S96 show that this is not the case.
This situation could occur for any of a number of reasons. One possibility is that meteoritic bombardment (Morgan & Shemansky 1991) might su ciently garden 2] But see Hilchenbach et al. 1991 for evidence of a possible in situ detection. the lunar surface reducing the e ective surface age (Johnson & Baragiola 1991) , and therefore resulting in a nonstoichiometric sputtering process. In this case solar wind sputtering yields would not approach stoichiometry and more volatile species like Na and K would dominate atmospheric metal abundances. A second possibility is that atmospheric recycling through photodesorption of loosely bound Na and K produces an anomalously high abundance of these two species (cf., Sprague et al. 1992 ; cf., also Kozlowski et al. 1990 with regard to K).
Yet another possibility concerns the nature of the chemical fragments released by the source process, whether it is sputtering, or something else. Given (i) that all of the species we have searched for here and in F&S96 are signi cantly depleted from stoichiometric sputtering predictions, and (ii) the fact that both solar photon and solar proton sputtering are su ciently energetic to break chemical bonds and even to ionize some species as they are removed from the lunar surface layer, the depletions we have found may also imply that Na and K are being preferentially injected into the lunar atmosphere as atomic neutrals, while other species may be injected as atomic ions, or perhaps more likely, as molecular fragments, such as MgO x , SiO x , and AlO x .
In closing, we nd it worthwhile to note that Na/K exospheres of Mercury and Io have also been thought to be generated in large measure by charged particle sputtering. However, like the Moon, Mercury's atmosphere has been found to be signi cantly depleted in both Ca (Sprague et al. 1993) and Li (Sprague et al. 1996) , and Io's extended atmosphere has been found to be signi cantly depleted in a wide variety of metallic atomic species (Na et al. 1997) . This suggests to us that the \missing" neutrals in the atmospheres of Mercury and Io may not be present for the same reasons as in the case of the Moon, and heightens our interest in determining the reason for the lack of so many species once suspected to exist in all three of these atmospheres. October 6.9 (solid line, with error bars), compared to the average of three full-disk solar spectra obtained by the UARS SUSIM instrument on 1996 Oct 5{7, binned to the FOS resolution (dotted line). The solar spectrum has been scaled by a constant multiplier to t on the same scale as the lunar spectrum. The FOS spectrum is dominated by scattered moonlight, and reveals no obvious atmospheric emissions at wavelengths indicated by the labels. Lower panel: the residual spectrum created by subtracting the scaled version of the UARS SUSIM solar spectrum shown in the upper panel, from the HST/FOS lunar atmosphere spectrum. Error bars depict only the statistical uncertainty of the HST spectrum, since we have no information on the UARS spectrum error budget; quadrature sums of FOS+UARS errors would be larger. The lack of species detection is clear.
